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A pulsed-plasma jet actuator is used to control the unsteady motion of the separation shock of a shock wave/boundary layer interaction formed by a compression ramp in a Mach 3 flow. The actuator is based on a plasma-generated synthetic jet and is configured as an array of three jets that can be injected normal to the cross-flow, pitched, or pitched and skewed. The typical peak jet exit velocity of the actuators is about 300 m/s and the pulsing frequencies are a few kilohertz. A study of the interaction between the pulsed-plasma jets and the shock/boundary layer interaction was performed in a time-resolved manner using 10 kHz schlieren imaging. When the actuator, pulsed at St L ≈ 0.04 (f = 2 kHz), was injected into the upstream boundary layer, the separation shock responded to the plasma jet by executing a rapid upstream motion followed by a gradual downstream recovery motion. Schlieren movies of the interaction showed that the separation shock unsteadiness was locked to the pulsing frequency of the actuator, with amplitude of about one boundary layer thickness. Wall-pressure measurements made under the intermittent region showed about a 30% decrease in the overall magnitude of the pressure fluctuations in the low-frequency band associated with unsteady large-scale motion of the separated flow. Furthermore, by increasing the pulsing frequency to 3.3 kHz, the amplitude of the separation shock oscillation was reduced to less than half the boundary layer thickness. Investigation into the effect of the actuator location on the shock wave/boundary layer interaction (SWBLI) showed qualitatively and quantitatively that the actuator placed upstream of the separation shock caused significant modification to the SWBLI unsteadiness, whereas injection from inside the separation bubble did not cause a noticeable effect. 
I. INTRODUCTION
Shock wave/boundary layer interaction (SWBLI) represents a complex flow phenomenon that is often associated with boundary layer separation and unsteadiness that covers a wide range of frequencies (Smits and Dussauge 1 ). One of the most interesting features of SWBLIs is the low frequency unsteadiness of the separation bubble, which occurs at frequencies that are one to two orders of magnitude lower than those that characterize the upstream boundary layer fluctuations (Kistler, 2 Gonsalez and Dolling, 3 Dolling, 4 and Dupont et al. 5 ). In supersonic aircraft, the lowfrequency unsteadiness can lead to inlet instability, whereas in hypersonic vehicles the low-frequency unsteadiness can enhance fluctuating heating rates, and thus, to accelerated fatigue of aircraft structures (Dolling 4 and Smits and Dussauge 1 ). Researchers have developed numerous strategies to control the mean structure and unsteadiness of SWBLI. The main objectives of SWBLI-control studies have been to reduce the size of the separation bubble and/or modulate the frequency of the separation bubble in order to tune it away from structural resonance. A detailed review of the different SWBLI control studies made till the late 1980s is given by Viswanath. 6 The use of active control devices for SWBLI control has garnered significant interest because of their ability to actuate only when required and for their potential to control flow unsteadiness. Actuation-on-demand devices reduce the parasitic drag penalty of the devices when they are not needed. The most commonly used active control strategies are boundary layer suction and blowing by using control jets. For example, steady and pulsed blowing at different pitch angles in the form of wall-jets were employed by previous works (e.g., Peake 7 and Viswanath et al. 8 ) and obtained significant suppression of the separation bubble (e.g., Viswanath et al. 8 ), delayed separation (e.g., Peake 7 ), and modulation of separation bubble unsteadiness (e.g., Selig and Smits 9 ). Previous papers (e.g., Wallis 10 ) have also employed pitched/skewed jets or vortex generator jets (VG jets) to suppress the shock-induced separation, since the pitched/skewed configuration generates streamwise vortices that are embedded in the flow. Bueno et al. 11 employed steady and pulsed VG jets to control SWBLI generated by a semi-infinite cylinder placed in a Mach 2 flow. They showed a downstream shift in the separation shock, indicating a reduction in the separation bubble length scale, with pulsed and continuous injection of the VG jets. Recently, Souverein and Debieve 12 employed an array of VG jets to control a Mach 2.1 impinging SWBLI. They reported significant reduction in the length-scale of the separation bubble and an overall increase in the fullness of the boundary layer profile.
Plasma actuators have also been used for SWBLI control (Knight 13 ). Pulsed arc discharge arrays (LAFPA) were employed by Caraballo et al. 14 for controlling impinging shock/boundary layer interactions generated by a 10
• shock generator placed in a Mach 1.9 flow. The authors discuss two potential physical mechanisms of the LAFPA actuator that lead to SWBLI control. One of the mechanisms is the manipulation of the unsteady characteristics of the upstream leg of the λ-shock due to the pulsing of the arc discharges. The other mechanism is the generation of streamwise vortices caused by the pulsed arc discharges, which leads to a fuller boundary layer profile, making it less resistant to separation. Wang et al. 15 employed a pulsed-arc discharge in the presence of an external magnetic field to weaken the separation shock generated by a 20
• compression ramp placed in a Mach 2.1 flow. The authors reported an increase in the weakening of the shock strength with external magnetic field. They argued that the reduced shock strength is caused by the magnetic fields, which alter the character of the discharge and cause enhanced joule heating. Zaidi et al. 16 and Kalra et al. 17 successfully employed a "snowplough" discharge in the presence of an external magnetic field to modify the separation bubble of an impinging SWBLI generated by a 10
• and 14
• shock generator placed in a Mach 3 flow. Using an upstream-directed Lorentz force at low discharge currents (∼80 mA), Kalra et al. 17 were able to create a local separation bubble in an otherwise incipient SWBLI. At higher discharge current (∼200 mA) and with downstream-directed Lorentz forcing, they were able to demonstrate a considerable reduction in the length scale of the separation bubble.
Recently, arc discharges have been employed by Grossman et al. 18 to generate a pulsed synthetic jet, which they termed a "spark jet." Subsequent researchers (Grossman et al., 19 Cybyk et al., [20] [21] [22] and Haack et al. 23 ) studied the performance of the spark jets in detail. Using numerical simulations, Grossman et al. 18 and Cybyk et al. 20 estimated that jet velocities as high as 1000 m/s could be obtained. Haack et al. 23 measured the far field velocity of the spark-jet to be about 50 m/s using particle image velocimetry. The spark-jet design was modified in Narayanaswamy et al. 24 to improve the pulsing frequency of the plasma jets to kilohertz range. They termed the actuator a "pulsed-plasma jet" since the term "spark" implies a thermal discharge which was not the case at the pressures used in their study (and in the current work). They performed a detailed parametric study of the velocity and temperature characteristics of the pulsed-plasma jets and reported jet-exit velocities of about 300 m/s and bulk gas temperatures in the range of 600-1000 K, for the range of discharge currents tested. This pulsed-plasma jet actuator was used to control the SWBLI unsteadiness generated by a 24
• compression ramp placed in a Mach 3 flow. Narayanaswamy et al., 25 in a short communication, reported the use of pulsed plasma jet arrays to control a Mach 3 compression ramp SWBLI. Their measurements were restricted to phase-averaged quantities only, and demonstrated that the actuator could be used to generate vortex-generator jets that were able to reduce the 076101-3 Narayanaswamy, Raja, and Clemens Phys. Fluids 24, 076101 (2012) length-scale of the separation bubble. The most dominant effect of the pulsed-plasma jet, however, was due to its low-density, which caused the separation bubble to expand. In the current paper, we extend the work of Narayanaswamy et al. 25 to include the effect of the pulsed-plasma jet arrays on interaction unsteadiness. Specifically, we study the interaction between the pulsed-plasma jets with the SWBLI generated by a 24
• compression ramp in a Mach 3 flow by using high-speed schlieren imaging, fast-response wall-pressure measurements and particle image velocimetry (PIV).
II. EXPERIMENTAL SETUP AND CONDITIONS

A. Pulsed-plasma jet actuator
The design and operation of the pulsed-plasma jet actuator was discussed in detail in a previous paper (Narayanaswamy et al. 24 ), and so only a brief description of the actuator is provided here. A schematic of the actuator is shown in Fig. 1(a) . The actuator uses one or more pulsed-plasma jets each of which consists of a cylindrical cavity, 2.2 mm in diameter, and 10 mm long. The ends of each cavity were sealed with two copper electrodes. The tip of the cathode was sharpened to reduce the breakdown voltage by electric-field focusing effect. An electric arc was generated between the two electrodes by applying typical voltages of 2 kV, which electrothermally heated the gas inside the cavity. For the current application, the test section pressure was 45 torr and so the breakdown voltage was significantly lower than if the experiments were performed at atmospheric pressure. The plasma jet was formed by allowing the heated gas to issue through a 2 mm diameter orifice, which extends 2.5 mm into the cavity. The instantaneous peak mass flux per individual plasma jet in the array is about 3.2 × 10 −5 kg/m 2 /s. Either a single pulsed-plasma jet or an array of three pulsed-plasma jets was used for the flow control studies presented here. Although it is desirable to employ multiple pulsed-plasma jets for obtaining increased control authority, employing multiple pulsed-plasma jets caused significant contamination in the wall-pressure time series data due to electromagnetic interference (EMI), as discussed in our previous work (Narayanaswamy et al. 26 ); hence, to minimize the contamination due to the EMI, a single jet was employed for the wall-pressure measurements. Since EMI did not affect the schlieren and PIV measurements, an array of three pulsed-plasma jets was employed when these techniques were used.
It was also necessary to use different discharge pulse widths for the schlieren/PIV and pressure measurements. In particular, the pulse-width of the discharge used for schlieren and PIV experiments was 50 μs, whereas it was 20 μs for the wall-pressure fluctuation measurements. Different pulse widths were used because our preliminary experiments using a 50 μs pulse-width discharge caused longer duration recovery times of the forced separation shock. These longer recovery times enabled better temporal resolution of the separation shock motion and the separation bubble dynamics in the schlieren and the PIV experiments; however, the EMI with a 50 μs pulse-width discharge lasted for about 60 μs, compared to 30 μs with a 20 μs pulse-width discharge. Since the interaction between the pulsed-plasma jet and the SWBLI began 40 μs after the start of the discharge trigger (see Narayanaswamy et al. 25 ), the EMI with the 50 μs discharge caused difficulty in differentiating the EMI from the fluid dynamic effects on the pressure signal; hence, a 20 μs pulse-width discharge was employed for making wall-pressure measurements.
For the experiments that employed the pulsed-plasma jet array, the individual pulsed-plasma jets in the array were separated by 4 mm from one another. The peak operating discharge current was set at 2 A per plasma jet for both the single jet and pulsed-plasma jet array. In the array, the pulsed-plasma jets were pitched at 45
• and skewed at 90
• with respect to the freestream direction. This geometric configuration has been shown to generate a vortex-generator jet with strong streamwise vorticity in the subsonic flows (Zhang and Collins 27 ). Figure 1 (b) shows a schematic of the relative orientation of the pitched/skewed pulsed-plasma jets with respect to the incoming flow and compression ramp. In addition, Fig. 1(c) shows the definitions of the pitch angle (α) and skew angle (β). The origin of the coordinate system (x,y,z) used in the present work is at the span-wise mid-point of the compression corner and x-axis is positive in the downstream direction. For the purpose of the illustration of the pitch and skew angles alone, another coordinate system (x , y , z ), centered at the jet orifice, has been defined in Fig. 1(c) .
B. Wind tunnel facility
The experimental work was conducted in a Mach 3 wind tunnel facility located at the University of Texas at Austin. from the plenum section into the test section. The plasma-jet actuator was placed in a block that was essentially an extension that was mounted to the end of the splitter plate. The compression ramp was mounted onto a second block that was attached to the plasma actuator block. Pressurized air from a 14 m 3 high-pressure tank was fed to the tunnel and was discharged into a 28 m 3 vacuum tank. The test-section static pressure was maintained at 45 torr for all the cases studied. The incoming boundary layer was allowed to undergo a natural transition to a fully developed turbulent state. For the flow control application employed in this study, the boundary layer thickness was approximately δ ≈ 4.5 mm (where δ is the 99% velocity thickness) and the Reynolds number based on momentum thickness was Re θ = 3300.
C. SWBLI characteristics
The SWBLI interaction was generated by a 24
• compression ramp placed in the Mach 3 flow. To enable the tunnel to start, the 24
• compression ramp spanned only 75% of the test section width. No fences were used because they would have precluded the use of schlieren imaging to characterize the separation shock dynamics. The impact of the finite span ramp on the flow-field is discussed in more detail below. The mean location of the separation line, based on surface streakline flow visualization, was at x/δ ≈ −2.6 and the reattachment line was at x/δ ≈ 0.5. The interaction length scale, L, of the SWBLI, defined as the distance between the separation line and the reattachment line as estimated from surface streakline visualization technique, was about 14 mm, or L/δ ≈ 3.1.
Experiments were performed to characterize the influence of the finite-span ramp on the mean and fluctuating pressures of the SWBLI by making measurements with and without aerodynamic fences. These cases were also compared to the results of Ringuette et al., 28 who studied a compression ramp interaction at nearly the same Mach and Reynolds numbers. Ringuette et al. used fences to reduce 3D relieving. Figure 3 (a) shows streamwise profiles of the mean wall pressure underneath the SWBLI for cases with and without fences. The values were averaged over two experimental runs, each consisting of 2 × 10 5 data points (20 s of experimental runs). The normalization length scale has been changed to the interaction length "L" to enable the comparison with other experiments. Note that the interaction length with fences is L ≈ 3.5 δ. The mean wall pressure increases gradually toward the compression corner (x/L = 0) in all the cases shown in Fig. 3(a) , and the agreement between the current case with fences and that of Ringuette et al. is quite good. Figure 3(a) shows, however, that the magnitude of the increase for the case without fences is about 25% lower than for the case with fences at the locations −0.6 < x/L < 0. The smaller increase in the mean wall pressure is mostly likely due to the three-dimensional relieving effect caused by the finite span compression ramp.
The difference in the mean pressure suggests that the finite span ramp creates a weaker interaction, which is supported by the interaction length, which is 11% smaller than the case with fences; however, a smaller interaction length-scale does not imply that the separated flow dynamics are fundamentally different. illustrate the similarity of the unsteadiness characteristics of the SWBLI in both the configurations. Such similarity in the unsteadiness characteristics was observed between the two SWBLIs for −1 < x/L < −0.6, which corresponds to the measurement locations used to study the SWBLI unsteadiness control in this work. Thus we expect that the results presented in the finite span ramp SWBLI are largely representative of more canonical two-dimensional SWBLI. The actuator was located at x/δ = −6 (≈13 mm upstream of the mean separation shock location) for the majority of this work. The effect of plasma-jet injection into the separation bubble (at x/δ = −1.7 and x/δ = 0) is also explored. The pulsing frequency of the plasma jet was fixed at 2 kHz, unless stated otherwise. This frequency corresponds to a Strouhal number, based on interaction length scale (L), of about 0.04, which lies close to the peak of the low frequency unsteadiness of the SWBLI. This frequency was chosen to trigger the natural unsteadiness of the separation bubble, which occurs between St L ≈ 0.02-0.05 (see Sec. III C). There are previous studies in SWBLI control that shows distinct nonlinear coupling between the separation bubble unsteadiness and the control actuators pulsed at this frequency range (e.g., Refs. 9 and 14).
D. High-speed schlieren imaging
High-speed (10 kHz) schlieren imaging was used to study the interaction between the pulsedplasma jet and the SWBLI in a time-resolved manner. A high brightness LED lamp (ISSI Inc.) was pulsed at 10 kHz using a BNC delay generator, and the pulse duration of about 6 μs was small enough to provide an instantaneous snapshot of the flow. The flow was imaged through acrylic windows on each side of the test section. The light was collimated and focused by 1 m focal length concave mirrors. The schlieren images were captured using a high framing rate CMOS camera (Photron APX) with a framing rate of 10 kHz. The images (256 × 512 pixel resolution) were acquired for 2 s. In addition, the imaging was also phase-locked to the discharge pulsing cycle by pulsing the lamp at a predetermined delay from the start of the discharge trigger.
E. Wall-pressure fluctuation measurements
Fluctuating wall-pressure measurements were made at several streamwise locations along the SWBLI. The pressure fluctuation measurements with and without forcing were made by using a high frequency response transducer (Kulite Semiconductor Products, Inc., model XCQ-062-05A). The transducer had a nominal diameter of 0.0625 inch and a silicon sensing membrane whose diameter, as specified by the manufacturer, was 0.71 mm. The natural frequency of the membrane was 150 kHz. Perforated screens above the diaphragm protected the transducer from being damaged by dust particles in the flow; however, the protective screen limited the frequency response of the transducer to about 50 kHz. These transducers were mounted flush with the floor of the splitter plate. The signals from the pressure transducers were low-pass filtered with a cut off at 50 kHz using digital filters (Ithaco Inc., model 4200). The filtered signals were digitized to 12 bits at a rate of 125 kHz with a data acquisition board (National Instruments AI-16E-4) installed in a personal computer.
Separate measurements of the wall pressure were made with and without forcing. During the wall-pressure measurements with forcing, only a single pulsed-plasma jet was employed, as mentioned in Sec. II A. The spanwise location of the transducer was roughly in line with the path of the pulsed-plasma jet. The presence of charged species with the plasma-jet injection necessitated the development of a specialized procedure for measuring the wall-pressure fluctuations with forcing, which is described in detail in Narayanaswamy et al. 26 Briefly, the procedure involved draining the charged species in the plasma-jet by using a pulsed ground electrode. The pulsed ground kept the charged species from reaching the pressure transducer. This procedure still preserved the effect of the plasma jet, while protecting the transducer from the damage caused by the charged species.
F. Particle image velocimetry
A quantitative study of the interaction between the pulsed-plasma jet and the SWBLI was performed using PIV that was phase-locked to the forcing cycle. The seed particles were produced using a six-jet atomizer (TSI model 9306), which generated a largely monodisperse aerosol at high concentration. Extra-virgin grade olive oil was used for seeding and the nominal diameter of the olive oil particles produced by the atomizer, as quoted by the manufacturer, was 0.6 μm. The seed particles were injected well upstream of the settling chamber to enable them to become uniformly dispersed throughout the flow. The particles were illuminated by a 1 mm thick laser sheet produced by a frequency-doubled Nd:YAG laser and the scattered light was captured by a frame straddling CCD camera (Kodak Megaplus ES1.0) operated at an f-stop of 5.6. A colored glass filter (Schott BG-7) was used to prevent the luminosity from the pulsed-plasma jet from interfering with the PIV images. About 100 images were taken for each phase. Images from the camera were then transferred to a personal computer and were processed to obtain the vector fields using LaVision's DaVis 7.2 software.
For the PIV processing, a multipass algorithm was used starting with an initial interrogation window size of 64 × 64 pixels with 50% overlap to a final interrogation window size of 16 × 16 pixels with 50% overlap. The maximum pixel displacement, obtained in the freestream, was about 24 pixels. The vector fields were validated and the missing vectors were interpolated using a 3 × 3 median filter. The resolution of the resulting vector field was about 0.5 mm × 0.5 mm, which corresponds to a resolution of δ/8 × δ/8, in terms of boundary layer thickness (δ ≈ 4.5 mm). The number of spurious vectors was less than 4% in the region outside the boundary layer and separation bubble; however, inside the boundary layer (close to the wall) and inside the separation bubble only about 60-70% of the vectors were valid. This greater fraction of spurious vectors is because of the decreased gas density inside the boundary layer and inside the separation bubble, which leads to a corresponding drop in the seeding density. Because of the relatively poor quality of the vector field inside the separation bubble, only average velocity fields are presented. About 50 to 100 images were included for averaging in each data set. Owing to laser reflections close to the wall, the closest location where a valid vector could be found was roughly at δ/4 (≈1 mm) above the wall.
III. RESULTS AND DISCUSSION
A. Preliminary experiments
Performing the high-frequency pressure measurements in the presence of the plasma discharge at a close proximity is an extremely difficult and challenging task. There have been several cases described in the literature where researchers reported that the plasma discharges damaged their instrumentation when placed at close proximity. The present work is one of the very few that provides quantitative information about the actuation authority at very close proximity to the actuator and provides detailed high-frequency unsteady wall-pressure measurements underneath the SWBLI region with plasma actuation. Unfortunately, though, pressure measurements were only possible when a single pulsed plasma jet was used and for a pulse-width that was 20 μs or less. This limitation was previously discussed in Sec. II A, and the impact of this limitation on exploration of the physics is addressed below.
The differences in the plasma-jet actuator configurations used in the current work could potentially cause differences in the interaction characteristics. During the course of this study, preliminary experiments were performed that qualitatively characterized the nature of the different interactions with changing actuator configurations. For example, 10 kHz schlieren imaging was performed to study the interaction between the plasma jet and the SWBLI with 20 μs pulse-width discharge and 50 μs pulse-width discharge. The pulsing frequency of the discharges was fixed at 2 kHz. The analysis that is discussed in detail in Sec. III B was performed. It was observed that the interaction between the plasma jet and the SWBLI with changing pulse-widths that could be observed using schlieren measurements remained almost identical, i.e., the separation shock made an initial rapid upstream motion followed by a gradual recovery motion. The recovery speed of the separation shock was also very similar (2-3% U ∞ ) with changing discharge pulse-widths. These observations imply that the basic physics of the interaction remains unchanged with changing pulse-widths. The main, and perhaps, the only difference between the two interactions was that with 20 μs discharge, the separation shock recovery time scale, discussed in Sec. III B, was about 150-200 μs compared to 400 μs with 50 μs discharge. The longer recovery time was caused by the larger translation of the separation shock that is associated with the longer pulse.
In addition to our experiments with changing discharge pulse widths, we also performed planar laser scattering imaging in the streamwise-spanwise direction at y/δ ≈ 0.2 to study the interaction between the individual plasma jets of the array when injected into the supersonic flow. Our results did not show any interactions between the individual plasma jets till about 6 δ downstream of the jet exit, which coincides with the location of the compression corner. Furthermore, qualitative similarity between the interactions of the plasma-jet array with the SWBLI using a different number of plasma jets in the array was also observed using phase-averaged schlieren imaging. Since the above-mentioned experiments are mainly qualitative and somewhat indirect, we do acknowledge the possibility of differences in the nature of the interaction between the plasma jet and the SWBLI with different numbers of plasma jets. We expect that the interaction between the plasma-jet array and the SWBLI will cause a more two-dimensional and hence stronger effect as compared to that with a single plasma jet; however, the physical mechanism that forces the flow is likely to be similar.
B. Actuator placed in the upstream boundary layer
The time-resolved characterization of the response of the separation shock to the pulsed-plasma jet array injected into the upstream boundary layer (x/δ = −6) was accomplished using 10 kHz schlieren imaging. A representative time sequence that shows the unsteady motion of the separation shock during an entire 2 kHz discharge cycle is shown in Fig. 4 . The mean unforced separation shock is shown as a dashed line labeled "1" and the instantaneous separation shock during the forcing cycle is labeled "2". Note that the boundary layer and the separation bubble are not clearly visible in the schlieren images owing to the limited contrast of the images. This rather modest contrast in the schlieren images is due to the very low density gradients across these different flow features since the wind-tunnel is operated at relatively low pressures, as mentioned in Sec. II B. In contrast, the separation shock, which will be central to the analysis presented in this section, is very clearly visualized in the schlieren images and can be identified unambiguously. Figure 4(a) shows the location of the separation shock 25 μs after the start of the discharge trigger and the subsequent frames are separated by 100 μs from the previous frame. Note that the interaction between the pulsed-plasma jet of the current discharge cycle and the SWBLI has not begun in Fig. 4(a) , since it takes about 40 μs from the discharge trigger for the plasma gases to convect to the separation shock foot (see Narayanaswamy et al. 25 ). As a consequence, Fig. 4(a) corresponds to the end of the previous discharge cycle. Comparing Figs. 4(a) and 4(b) , it can be seen that the separation shock
FIG. 4.
Ten kilohertz schlieren movie sequence of the separation shock motion with pulsed-plasma jet actuation. Each frame is separated by 100 μs, starting from 25 μs after the start of the discharge trigger (frame (a)). Arrow (1) points to a line that indicates the mean shock position for the unforced case, and arrow (2) shows the location of the perturbed shock location. The plasma jet was pulsed at 2 kHz (St L = 0.04).
moves upstream by about 0.8 δ (4 mm) as the pulsed-plasma jet convects through the shock, which corresponds to a shock velocity of about 0.05 U ∞ . Figure 3 (c) corresponds to 225 μs after the start of the discharge trigger. At this time delay, the entire pulsed-plasma jet array has convected through the separation shock. It can be seen that the separation shock in Fig. 4(c) is at a downstream position compared to Fig. 4(b) ; in fact, it continues to move downstream in Fig. 4 (d) (325 μs after the start of the discharge trigger) and Fig. 4 (e) (425 μs after the start of the discharge trigger). It is interesting to note that the separation shock slightly overshoots its mean unforced location by about 0.2 δ, as seen in Fig. 4(a) (525 μs after the start of the discharge trigger of the previous discharge cycle), which was observed over almost all the pulsing cycles. A shock-tracking program was developed to capture the motion of the separation shock from the schlieren images. The program identified the presence of the shock from the relative pixel intensity along the x-direction at different wall-normal locations. The shock location along a pixel row was determined as the pixel that had the lowest intensity in the window of separation shock motion, which was specified by the user. The location closest to the wall at which the program could unambiguously identify the separation shock was about 0.5 δ. The instantaneous "shock location" was defined as the mean location of the shock segment between wall-normal distances of 0.5 δ and 0.7 δ. Note that this analysis is used only to study the motion of the separation shock and no quantitative inference was made about the separation shock foot location. Figure 5(a) shows the separation shock location time history of the unforced case. The time separation between successive points is 100 μs. It can be seen from the figure that there is a broadband unsteady motion without any clear periodicity. The amplitude of the separation shock motion is about 0.6 δ and the separation shock tends to stay within +/−0.3 δ from the mean location (shown as a solid line) for the majority of the time. Figure 5(b) shows the separation shock location time history with plasma jet array forcing, spanning about 20 forcing cycles. The mean unforced separation shock location is shown as a solid line. The first image was taken 25 μs (0.025 ms) after the start of the discharge trigger. It is quite clear that in the forced case the separation shock is locked to the pulsing frequency of the actuator. It is also seen that the separation shock moves upstream over 0.9 δ between 25 μs (0.025 ms) and 125 μs (0.125 ms). This relatively rapid upstream motion is followed by a rather gradual downstream recovery motion. In a majority of the injection cycles shown, the separation shock overshoots the mean unforced location. It should also be noted that the mean separation shock location with forcing was about 4% upstream of the mean separation shock location without forcing. To summarize, the interaction between the pulsed-plasma jet array with the SWBLI can be broadly classified into two phases-the initial phase, wherein there is a direct interaction between the pulsed-plasma jet array and the separation shock, which causes the separation shock to move upstream. This is followed by the recovery phase, during which the separation shock executes a bulk downstream motion toward its mean unforced location. The initial phase occurs from 40 μs to 100 μs after the discharge trigger, whereas the recovery phase occurs from about 100 μs to 500 μs after the discharge trigger.
The separation shock motion, during the initial and recovery phases of the interaction with the plasma jet array, was further studied by computing its velocity during each phase. The shock velocity was computed from the shock location time-series using two-point forward differencing. Note that this stencil is very sensitive to noise in the data, and hence, only average values are discussed. Approximately 1500 images (300 cycles) were used to compute the statistics. The average upstream shock velocity during the initial phase was about 18 m/s, or 3% U ∞ . It should also be mentioned that the upstream velocity magnitude is biased toward smaller values because the upstream motion of the separation shock occurs over a time period of about 50 μs, which could not be time-resolved with the present schlieren framing rate. The average downstream shock velocity, computed during the recovery phase was about 12 m/s, or 2% of U ∞ . The downstream velocities are not expected to be biased because the downstream motion of the separation shock occurs over about 400 μs, which occurs over about four successive frames of the schlieren movie. Interestingly, Gonsalez and Dolling 3 measured shock velocities for a wide-range of shock/boundary layer interactions and found that the typical shock foot velocity was between 2-3% of U ∞ . The present case seems to correspond to one where the separation shock is forced to move upstream and then allowed to recover "naturally". In addition, PIV results presented later in Sec. III F show that the downstream recovery motion of the separation shock corresponds to the relaxation of the separation bubble modified by the pulsed-plasma jet array, which is the same mechanism that drives the separation shock in canonical SWBLI, as discussed in Erengil and Dolling.
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C. Wall-pressure fluctuation measurement of SWBLI forcing
It is clear from the above discussion that the pulsed-plasma jet injection causes the separation shock to lock in to the forcing frequency. To quantify this effect further, wall pressures at different locations under the SWBLI were measured. For these measurements, a single pulsed-plasma jet was used, as mentioned in Sec. II A. The pulse duration of the plasma jet was 20 μs for this study.
The impact of the pulsed-plasma jet on the SWBLI is studied by comparing the pressure power spectra at different locations inside the SWBLI, with and without forcing. The data-processing procedure that was followed to obtain the power spectrum in the presence of EMI is described in detail in Narayanswamy et al. 26 Briefly, the procedure involved linearly interpolating the pressure time-trace between the EMI-induced spikes and resampling the modified data in order to obtain the autocorrelation function. The power spectrum was obtained from the discrete cosine transformation of the autocorrelation function. After this process, the power spectrum still had undesirable spikes from the residual EMI and from structural vibrations. A linear interpolation was made across the spikes to obtain the final power spectrum, presented in this work, which facilitated the overall comparison between the forced and unforced cases. An example of the power spectra, without and with linear interpolation is shown in Fig. 6 . The spikes due to the EMI and the spikes due to the structural vibrations are shown in the Fig. 6(a) . The spikes from the residual EMI occur at the plasma-jet pulsing frequency and its higher harmonics. This, unfortunately, precludes the determination of the energy content of the pressure fluctuations at the pulsing frequency, to which the separation shock motion is locked. The corresponding power spectrum after linear interpolation is shown in Fig. 6(b) . Note that the overall nature of the broadband unsteadiness is similar in the two figures.
In the present study, the pressure measurement locations are given relative to the interaction length of the unforced case, L, defined earlier in Sec. II B. A change in normalization length scale from δ to L was made because typically the wall-pressure fluctuation measurements in canonical SWBLI found in the literature use L as the normalization length scale (Smits and Dussauge 1 ). For the present case, L ≈ 3.1 δ or about 14 mm.
Interaction of plasma jet with different regions of SWBLI
The interaction of a single pulsed-plasma jet with the SWBLI was studied by measuring the wall-pressure fluctuations at different locations inside the SWBLI. Pressure fluctuations with and without upstream forcing were measured at x/L = −0.95, −0.86, and −0.66. These measurement locations span the intermittent region to inside the separation bubble. The pulsed-plasma jet was located at x/δ = −6 and the pulsing frequency of the plasma jet was fixed at 2 kHz. This frequency corresponds to a Strouhal number based on interaction length of the unforced case, defined as St L = fL/U ∞ , of 0.04. The power spectra were normalized by the square of the mean pressure rather than the RMS pressure, to facilitate comparisons between forced and unforced cases on the magnitude of the fluctuations. The scaling is helpful in the present case mainly because the change in mean wall pressure with forcing is within 6% of the unforced case. The scaling used in the present case may be contrasted with those used in previous SWBLI studies (e.g., Ref. 29) , which provide information only on the relative power in different spectral bands rather than the overall fluctuation level. Figure 7 (a) shows plots of frequency-multiplied power spectra of the wall-pressure fluctuations measured in the intermittent region (x/L = −0.95), normalized by the square of the mean pressure, with and without forcing. Each plot corresponds to an average of three experimental runs (with 2.5 × 10 5 samples per run) that were highly repeatable. Without forcing, the power spectrum is dominated by energy at low frequencies as is typical of a canonical SWBLI (e.g., Gonsalez and Dolling 3 ) and Dupont et al. 5 ). The frequency multiplied power spectral density peaks at St L ≈ 0.03, which is in the range reported in previous SWBLI studies (0.02-0.05) (e.g., Gonsalez and Dolling 3 and Dupont et al. 5 ). The maximum amplitude of the frequency-multiplied power spectrum normalized by the square of mean wall pressure is about 0.65 × 10 −3 without forcing. It can be clearly seen that with forcing there are noticeable changes in the power spectrum. The magnitude of the power spectral density at the separation shock unsteadiness frequencies (St L = 0.02-0.05) has decreased by about 30% or to about 0.4 × 10 −3 with forcing. Above a St L of 0.1, the spectra of the forced and unforced cases overlap, indicating that the higher frequencies are not affected by the forcing.
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Narayanaswamy, Raja, and Clemens Phys. Fig. 7(a) ). The power spectrum, without forcing, shows the presence of two high-amplitude bands (St L ≈ 0.03-0.08 and 0.2-1) separated by a relatively low-amplitude valley (St L ≈ 0.08-0.2). The maximum amplitude of the frequency-multiplied power spectrum in the low-frequency region occurs at St L = 0.04 and its normalized value is about 0.4 × 10 −3 . With forcing, the magnitude of the power spectral density in the range of frequencies between St L ≈ 0.03-0.8 has decreased by about 30% on average. Figure 7 (b) also shows that with forcing, there is an increase in the magnitude of the power spectral density in the Strouhal number range of St L ≈ 0.01-0.03, with maximum increase at St L ≈ 0.02. This increase in the magnitude of the power spectral density with forcing, at low frequencies (St L ≈ 0.01-0.03), is counter to the desired effect of forcing.
An interesting case emerges at the measurement location x/L = −0.86, which is in between the intermittent region (x/L = −0.95) and x/L = −0.66. This measurement location is notable for the effect of forcing that is not observed. The power spectra at x/L = −0.86, with and without forcing, are shown in Fig. 7(c) . The power spectrum without forcing exhibits a continuously increasing power until St L = 0.1. The low frequency peak that was dominant at x/L = −0.95 does not make a dominant contribution to the total fluctuations at this location. Instead, the power spectrum is dominated by high frequency fluctuations. The maximum magnitude of the frequency-multiplied power spectral density normalized by the square of the wall pressure is 3 × 10 −4 . Interestingly, the power spectrum does not change with forcing. The magnitude of the power spectral density, and the trend with increasing frequency, remain the same with forcing. Thus, it is seen that forcing does not seem to affect the power spectrum at x/L = −0.86 even though significant changes were observed at the surrounding locations. These three questions will be addressed in the following paragraphs. Figure 5 (b) clearly shows that with plasma jet forcing, the separation shock motion executes periodic oscillations at the pulsing frequency. In other words, the energy content in the broadband frequencies of the unforced shock is transferred to the pulsing frequency when the shock is forced. This would account for the decrease in the amplitude of the broadband low frequency unsteadiness seen in the intermittent region ( Fig. 7(a) ). Unfortunately, the presence of EMI spikes at the pulsing frequency precludes the determination of the energy content of the pressure fluctuations at this frequency.
To investigate the reason behind the increase in the energy content at the lower frequencies (St L ≈ 0.01-0.03) observed at x/L = −0.66, the spatial evolution of the power spectra along the SWBLI region generated by a 24
• compression ramp, without plasma jet forcing, was measured. The dominant Strouhal number at each location was identified as the peak in the dominant broadband feature, and the spatial variation of this dominant Strouhal number is shown in Fig. 8 . The plot shows that the dominant Strouhal number is a maximum at x/L = −0.8, which is just downstream of the intermittent region. Downstream of this location, the dominant Strouhal number decreases significantly between −0.8 < x/L < −0.2. It was pointed out in Sec. III B that the separation shock spends a majority of its time upstream of its mean unforced location with pulsed-plasma jet actuation. This, in turn, implies that the mean separation bubble scale increases with forcing (this will also be shown using PIV measurements), since the separation shock motion is directly related to the separation bubble pulsations as shown in several previous works on canonical SWBLI. Hence, it is possible that the decrease in dominant frequency of the unsteadiness with forcing is because of the increased average distance of the separation shock from the transducer due to the increased mean separation bubble scale.
To understand why forcing does not seem to affect the pressure fluctuations at x/L = −0.86, it is instructive to study the organization of the separation bubble, i.e., how the pressure fluctuations inside the separation bubble are correlated with those in the intermittent region. Figure 9 
D. Effect of pulsing frequency on the SWBLI unsteadiness
To investigate whether changing the pulsing frequency changes the response of the interaction, additional measurements were made with a pulsing frequency of 3.3 kHz (St L = 0.06). For these studies, 10 kHz schlieren imaging was performed with an array of three plasma jets operated at a fixed pulse-width of 30 μs, which corresponds to the maximum rated average power that the power supply could deliver. Note that the average powers for this 3.3 kHz case and the 2 kHz case (discussed previously) were the same and so the energy per pulse of the 3.3 kHz pulsing frequency case is 60% of the 2 kHz-pulsing-frequency case. Figure 10 shows a schlieren image time sequence of the interaction between the plasma jet array, pulsed at 3.3 kHz, and the SWBLI during one pulsing cycle. Figure 10(a) shows the location of the separation shock 25 μs after the start of the discharge trigger and the subsequent frames are separated by 100 μs from the previous frame. The location of the mean unforced shock is shown by the dashed line labeled "1" and the instantaneous location of the separation shock during the pulsing cycle is labeled "2". It can be seen that the separation shock responds to the plasma jet array pulse by moving upstream (compare Figs. 10(a) and 10(b) ). This response of the shock is qualitatively identical to that with 2 kHz pulsing seen in Fig. 4 . The maximum upstream location of the forced separation shock is about 0.6 δ from the mean unforced location, which is similar to the 2 kHz pulsing frequency case. An important difference occurs during the recovery phase of the interaction between the pulsed-plasma jet and the SWBLI, shown in Figs. 10(c) and 10(d) , where the separation shock executes the downstream motion. Note that the separation shock is located 0.2 δ upstream of the mean unforced shock location in Fig. 10(d) , which corresponds to the last frame of the discharge cycle. Hence, the separation shock was upstream of the mean unforced location when it encounters the plasma jet from the next pulse, which moves it further upstream. This can be contrasted with the 2 kHz case, wherein the separation shock moves to about 0. separation shock, similar to Fig. 5 , was also done to study the motion of the separation shock in detail. The periodic motion of the separation shock with forcing is evident from Fig. 10 (e), which shows the time trace of the separation shock location. The location was computed from the schlieren images as the average location of a segment along the separation shock that extended over the range 0.5 < y/δ < 0.7, as described in Sec. III B. Note that the amplitude of the motion of the separation shock is considerably lower (0.6 δ) than for the 2 kHz case (1 δ), and the separation shock spends most of the time upstream of the mean unforced location. In other words, the separation shock unsteadiness has been locked to the forcing frequency and has significantly reduced range of motion. Since the separation shock motion is a direct indication of the SWBLI unsteadiness (Erengil and Dolling 29 ) it can be inferred that the unsteadiness of the separation bubble has been similarly modified.
Another interesting observation with 3.3 kHz forcing is that the shock recovery motion was close to 2% of U ∞ , which was the most probable velocity that was observed even for the plasma-jet 076101-17 Narayanaswamy, Raja, and Clemens Phys. Fluids 24, 076101 (2012) pulsed at 2 kHz. In other words, pulsing frequency has a major impact on the range of unsteadiness, but does not affect the recovery velocity of the separation shock.
E. Effect of the actuator location
A detailed study of the effect of the actuator location on the SWBLI unsteadiness was made. Three different locations: x = −6 δ, −1.7 δ, and 0 δ were tested. The x = −6 δ location is in the upstream boundary layer, whereas the x = −1.7 δ and 0 δ locations correspond to 6 mm and 13 mm downstream of the intermittent region. In terms of the separation bubble scales, x/δ = −1.7 is located close to the middle of the separation bubble and x/δ = 0 is at the compression corner. The x = −6 δ injection case has been presented in detail in Secs. III A-III D and will not be repeated here. For the x = −1.7 δ and 0 δ injection cases, an array of three pulsed-plasma jets pitched at −30
• (i.e., 30
• counter to the free-stream flow direction) was employed. The discharge current and the energy deposited per plasma jet were identical to the upstream-actuator case, discussed in Sec. III B, which ensured that the strength of the perturbation was identical in both cases. For these downstream-actuator cases, the jets were pitched upstream and were not skewed because the intention was to create maximum perturbation to the flow and vortex-generator jets do not have the same effectiveness in separated flow regions. Figure 11 shows instantaneous schlieren images for the three cases of the interaction between the separation shock with the pulsed-plasma jet array injected from different locations. The images in Fig. 11 correspond to the maximum upstream shock displacement that was observed for each forcing case. The mean shock location for the unforced case is indicated by a dashed line labeled "1" and the instantaneous separation shock during the pulsing cycle is labeled "2". Figure 11 shows that injection into the upstream boundary layer (x/δ = −6) causes a significant upstream displacement FIG. 11 . The effect of location of pulsed-plasma jet injection on the separation shock motion. Arrow "1" shows the approximate mean location of the unforced separation shock and arrow "2" shows the separation shock forced by the pulsed-plasma jet. The plasma-jet was injected from (a) x/δ = −6, (b) x/δ = −1.7, and (c) x/δ = 0.
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Narayanaswamy, Raja, and Clemens Phys. of the separation shock ( Fig. 11(a) ), but injection from inside the separation bubble (x/δ = −1.7 and x/δ = 0) causes much less separation shock movement. The same result was also observed when the pitch angle was changed from −30 • to 30
• along the upstream flow direction). The specific case of injection located at x/δ = −1.7 (x/L ≈ −0.5) was also studied by using wall-pressure measurements. Only a single jet was used (to reduce EMI); the pitch angle was −30
• and the discharge pulse width was 20 μs. The pulse width was the same as for the upstream-actuator case where wall pressure measurements were made. The wall-pressure measurements were made close to the intermittent region at x/L ≈ −0.9. Figure 12 shows the frequency-multiplied power spectra of the wall pressure fluctuations, normalized by the square of mean pressure, with and without pulsed-plasma jet injection. It can be seen that the spectra with and without injection are identical to one another, which indicates that the pulsed-plasma jet injected inside the separation bubble did not cause any noticeable changes to the SWBLI unsteadiness. Similar results were also obtained for the case with injection from the compression corner (x/δ = 0) and also at two different pitch angles of the plasma jet (+30
• and −30 • ). These results clearly show that injection from inside the separation bubble has negligible impact on the low-frequency unsteadiness of the SWBLI. Thus, it is inferred that disturbances of a given amplitude, when injected from upstream of the separation shock, cause significantly larger changes to the SWBLI than injection from inside the separation bubble.
F. Analysis of separation-shock actuation mechanism
Further studies were conducted using phase-locked schlieren and PIV to investigate the mechanism by which the upstream-located actuator controls the separated flow unsteadiness. During the initial phase of the interaction between the plasma-jets and the SWBLI, the separation shock responds by moving upstream over distances of about 1 δ. As was argued in our earlier work (Narayanaswamy et al. 25 ), the initial upstream motion of the separation shock is caused by the low density of the pulsed-plasma jet, which behaves like a "hot spot" causing a sudden decrease in the incoming Mach number. The separation shock responds to the smaller Mach number by shifting upstream.
To understand the mechanism that drives the bulk downstream shock motion (recovery phase), PIV was performed in the streamwise-wall normal plane to obtain the phase-averaged velocity field at different time delays. The time delays ranged between 100 and 175 μs from the start of the discharge trigger. The imaging plane was approximately at the spanwise centerline of the pulsedplasma jet array. The discharge current was 2 A per individual plasma jet and the pulse duration was 50 μs. About 100 vector fields were averaged to obtain the phase-average velocity field at each time delay. Figure 13 shows the mean streamwise (U) velocity contours of the flow field of the unforced and forced cases at different time delays. The color-map was adjusted to emphasize the extent of the separation bubble. Figure 13 (a) corresponds to the unforced case. It can be seen that there is no observable mean reverse velocity in the bubble; however, this was likely because the reverse flow region was not resolved. The closest location above the floor where the velocity could be measured was about y/δ = 0.25, and the region of reverse flow is likely to be below y/δ = 0.1 (Settles et al. 30 ), which is below the imaging field of view. Figures 13(b)-13 (e) correspond to the time delays of 100, 125, 150, and 175 μs after the start of the discharge trigger, respectively. These time delays correspond to the instances when the plasma jet array fluid is over the separation bubble. The region of very low streamwise velocity (U/U ∞ ≤ 0.1) can be clearly seen in all the figures, which shows that the separation bubble has expanded significantly with the passage of the pulsed-plasma jet. It can also be seen that the extent of the separation bubble is larger at 125 μs when compared to 100 μs and subsequently decreases with time (from 125 μs to 175 μs). This indicates that the separation bubble grows with the passage of the pulsed-plasma jet array and subsequently shrinks in size. Note that the downstream shock motion, observed from 10 kHz schlieren imaging (Fig. 4) , coincides with the shrinking of the separation bubble. This result is consistent with previous studies of SWBLI unsteadiness, which have shown that the separation shock responds to the large-scale low-frequency pulsations of the separation bubble whose time scales are much longer than the incoming boundary layer fluctuations. It is proposed here that the pulsed-plasma jet array induces such large-scale low-frequency perturbations to the separation bubble, which, in turn, affects the unsteady motion of the separation shock. The slow downstream motion of the separation shock to its unforced position is a direct result of the long recovery time scale of the separation bubble.
To understand the disparity in actuation effect with different actuator locations, it is useful to consider the jet fluid trajectory for the upstream-actuator and downstream-actuator cases. Figures 14(a) and 14(b) show phase-average schlieren images for the upstream-actuator case (x/δ = −6) and downstream-actuator case (x/δ = −1.7). The time delays correspond to the instances when the separation shock was forced to the maximum upstream location (same as those in Fig. 11 ). The images were obtained by subtracting the phase-average image of the forced case (averaged over 300 images) from the mean unforced image (averaged over 500 images). The plasma-jet array fluid was visualized as a bright patch in both the schlieren images. The separation shock at the time instances when the image was taken is also labeled on the figure. For comparison, Fig. 14(c) shows the mean u-velocity field for the unforced SWBLI, from which the mean location of the separation-shock, the shear layer above the separation bubble, and the separation bubble can be seen. A black line is drawn to show the position of the separation shock. Figure 14 (a) shows that the plasma jet array fluid injected into the upstream boundary layer is confined inside the incoming boundary layer upstream of the separation shock. As the plasma-jet array fluid passes through the separation shock, it almost entirely gets lifted above the separation 076101-21 Narayanaswamy, Raja, and Clemens Phys. Fluids 24, 076101 (2012) bubble. This was also observed using plasma luminosity images in our previous study (Narayanaswamy et al. 25 ). Comparison of Fig. 14(a) with Fig. 14(c) shows that the jet fluid convects through the shear layer above the separation bubble, with negligible penetration into the separation bubble. In contrast to the upstream-actuator case, injection from inside the separation bubble (Fig. 14(b) ) causes the jet fluid to penetrate upstream within the separation bubble before it is convected downstream through the shear layer. The disparity in the SWBLI actuation effect with actuator location may stem from the difference in the perturbation of the shear layer at different injection locations. These observations suggest the overwhelming importance of the shear layer in determining the dynamics of the separation bubble. The importance of the shear layer on the low-frequency unsteadiness of the separation bubble was also emphasized by the direct numerical simulations of Wu and Martin 31 and by the experiments in an impinging SWBLI of Piponniau et al. 32 Both suggest that propagation of turbulent structures can influence the oscillation of the reattachment point (Wu and Martin 31 ) and/or the local entrainment characteristics of the shear layer (Piponniau et al. 32 ), and hence the separated flow dynamics. Another important observation that can be made from the schlieren images in Fig. 14(a) is that the plasma-jet injection enables the visualization of the path of the fluid originating from the upstream boundary layer. In other words, in the schlieren images shown in Fig. 14 , we have "tagged" a fluid structure from the upstream boundary layer and observed its path as it moves across the SWBLI. Figure 14 (a) suggests that there could be an important contribution from upstream boundary layer structures on the shear layer. A similar observation was made by Na and Moin, 33 who performed a direct numerical simulation of an incompressible separated flow. From the isovorticity contours, they showed that the vortical structures from the upstream boundary layer were lifted above the separation bubble and convected along the shear layer. The present observations seem to be consistent with Na and Moin 33 because it is only those upstream perturbations that have enough time to grow in the shear layer that are effective at influencing the large-scale motion of the separation bubble. Thus, there may be a significant contribution from the upstream boundary layer structures to the shear layer, which in turn plays an important role in driving the SWBLI unsteadiness.
IV. CONCLUSIONS
The interaction of a pulsed-plasma actuator with the SWBLI generated by a 24
• compression ramp placed in a Mach 3 flow was investigated experimentally. The first case studied was with the actuator placed in the upstream boundary layer. High-speed schlieren movies showed that separation-shock motion could be characterized by an initial short-duration rapid upstream motion when the pulsed plasma jet passes through the separation shock followed by a slower downstream recovery motion. By using the schlieren movies to determine the time history of the separation shock location, it was found that the shock motion was locked to the pulsing frequency. Power spectra of wall-pressure measurements showed about 30% decrease in the magnitude of the power spectral density in the intermittent region in the frequency band that corresponds to the low-frequency unsteadiness of the SWBLI. In addition, the effect of the forcing depended strongly on the wallpressure measurement location with respect to the SWBLI. Some pressure measurement locations showed considerable changes in the power spectrum with forcing, whereas others showed no effect of forcing. This observation is believed to be related to the organization of the separation bubble, i.e., how strongly the dynamics of different regions of the SWBLI are coupled. Increasing the pulsing frequency restricted the amplitude of the separation shock motion because the shock did not have time to relax downstream before the next actuator pulse arrived. An investigation of the effect of actuator location showed that the pulsed-plasma jet, when injected from upstream of the separation shock, caused a significant modification to the separated flow dynamics; however, the jet with the same strength did not cause a noticeable change in the dynamics when injected from inside the separation bubble. Comparing the flow fields associated with upstream-located and downstreamlocated actuators revealed a possible difference in the perturbation of the shear layer with different actuator locations. This observation illustrates the importance of the shear layer above the separation bubble in determining the SWBLI dynamics. The plasma-jet fluid also served to tag the disturbance as it convected downstream and through the SWBLI. The phase-average images of the plasma jet array showed that the disturbance that originates in the upstream boundary layer seem to grow in the shear layer above the separation bubble, consistent with the simulations of a subsonic separation bubble by Na and Moin. 33 
